Introduction
Many cardiovascular diseases are due to the blockage of arteries due to plaque build-up. Removing blockages to restore blood flow by implanting a cardiovascular stent is quite successful, except that a long-term adaptive (and/or healing) response of the arterial tissue can lead to restenosis, which is a re-blockage of the artery due to tissue ingrowth through the stent into the lumen of the vessel. In order to design stents to optimise long-term lumen gain, a mechanobiological model of arterial tissue adaptation is necessary.
Restenosis has been correlated to injury and inflammation (Gunn et al., 2002; Kornowski et al., 1998) , and a paradigm of wound-healing has been adopted to explain restenosis progression (Farb et al., 2007; Geary et al., 1998; Welt & Rogers, 2002) . The restenotic response begins immediately upon stent expansion, when damage is imparted to the arterial tissue. The tissue is stretched circumferentially, and compressed radially beneath the stent struts (Gunn et al., 2002) .
Cell death and tissue tearing may occur, and the endothelium is denuded through the shearing force of the stent and expanding balloon. These injuries induce a healing response from the arterial tissue (Boyle et al. 2010) . Inflammatory cells, such as leukocytes and monocytes, attach to the injured regions from the blood, and infiltrate the damaged tissue. Matrix degrading proteins (such as matrix metalloproteintases) are expressed, which enzymatically degrade the collagen and other tissue constituents in order to remove damaged tissue. Growth stimuli are released from the degrading tissue, from the inflammatory cells, from the blood, and from apoptotic/necrotic smooth muscle cells (SMCs). The degradation of extracellular matrix has the effect of stimulating a phenotype modulation in the SMCs; this means that the SMCs alter their phenotype, losing their ability to contract, becoming synthetic, proliferative and matrix synthesising. These synthetic SMCs are the cells which produce the neointimal tissue which leads to restenosis. The SMCs can return to a contractile phenotype once the extracellular environment is restored to the physiological state (Thyberg, Hedin, Sjolund, Palmberg, & Bottger, 1990) .
Several studies have attempted to optimise or evaluate stent design in relation to arterial wall mechanics. Bedoya et al. (2006) and Timmins et al. (2007) optimised stent designs by minimising the volume of tissue stressed above a critical threshold. This approach attempts to capture restenosis by predicting the regions where adverse biological reactions are likely to occur.
However, the link between stress and tissue growth is not so simple and a mechanobiological model is needed to predict the outcome of these adverse reactions. Lally & Prendergast (2006) were the first to attempt a predictive model of restenosis based on the tissue injury induced by stent expansion. In that study, a finite element model was implemented in which the accumulation of damage was assumed to induce tissue in-growth into the arterial lumen; however, the model could not predict stabilization of the lesion because of the rudimentary modelling of cell activity. The technique was also deterministic, and could not account for the intrinsic stochastic nature of biological processes, or the variation in patient responses to injury. Stabilization of a simulated restenosis was recently achieved using a stochastic cell-centered mechanobiological model driven by mechanically induced injury (Boyle et al. 2010 ),
In a previous study (Boyle et al, 2011) , we developed, calibrated, and tested a cell-centred, lattice-based model, which modelled the injury, inflammation and biological response of arterial tissue to stent and angioplasty induced injury. This technique models SMC behaviour by explicitly modelling individual cells, which interact with their local environment and neighbours within a regular orthogonal lattice (Pérez & Prendergast, 2007) . Cells migrate, proliferate, differentiate and produce extracellular matrix according to rules, which allows the implementation of known cell behaviour (for a review of SMC behaviour, see Thyberg et al. (1990) ). In order to test the suitability of using such a mechanobiological model as an engineering design tool, the predictions of the model must be compared to in vivo, clinical data. Hoffmann et al. (2001) performed a detailed study of the clinical performance of three different stent designs, which included information on the stent types, and detailed data on the outcomes of these stents in terms of the neointimal areas produced. Kastrati et al. (2001) also analysed clinical data for the same stent types, and ranked their performance based on a multivariate analysis of restenosis predictors. Both of these studies showed the MULTILINK stent (a flexible, open-cell design) to perform better than both the PALMAZ stent (a stiffer, slotted tube design) and the NIR (a closed-cell design).
In this study, we set out to test the hypothesis that injury mechanobiological model of arterial tissue response to injury, as developed and calibrated previously, could predict the longterm outcomes of stent design. We applied the simulation technique in 3D to three stents similar in design to the ones analysed clinically by Hoffmann et al. (2001) and Kastrati et al. (2001) . If the hypothesis is corroborated, then this methodology could be applied to future device design and treatment options. It may also prove useful in identifying patients who may be susceptible to restenosis with a given device design, allowing the patient-specific and lesion specific matching of stents.
Methods
The simulation technique used in this study has been described in detail in a previous paper (Boyle et al. 2011) . The technique uses three interconnected models: 1. An injury model, where a finite element model of stent expansion, coupled with damage accumulation, allows the calculation of injury in the artery. 2. An inflammation model, in which tissue degradation and growth factor production in response to injury, and the removal of that injury, is modelled using ODEs. 3. A latticebased model of SMC activity, which captures the phenotype modulation, proliferation, migration and tissue production of SMCs. The technique was adapted to 3D, and applied to three different stent designs.
Injury model
The artery was modelled as a cylindrical vessel, with isotropic, hyperelastic material properties and inner and outer radii of 1mm and 2mm respectively. A Mooney-Rivlin formulation was used and calibrated to the data of Lally et al. (2005) , who measured the stretch response of porcine coronary artery to uniaxial tensile stress. The injury in the arterial tissue was calculated using the von Mises stress criterion and a remaining life approach, in which the damage is related to the number of cycles undertaken during a loading period versus the number of cycles to failure from fatigue test. A log-linear relationship was calibrated to fatigue data for porcine coronary arterial tissue (from
Where α is a constant, σ f is the failure strength of the material based on a uniaxial test, and is the number of cycles to failure. Damage was assumed to accumulate according to Miner's rule, with a rate of
Assuming the material has a fatigue limit , an equation for damage accumulation as a function of stress can be determined:
Inflammation model
The inflammatory response was modelled as two variables: a matrix degrading factor (MDF), and a growth factor (G). Extracellular matrix (ECM) was explicitly modelled as a variable with a value from zero (no ECM present) to one (fully dense ECM). The presence of MDF stimulates the removal of ECM within the injured region, and G controls the proliferation of SMCs. The production of MDF is a function of the amount of injury present (assumed to be linear in this implementation), and the MDF reacts with the ECM by reducing both components at a rate proportional to the MDF present (i.e. a first order reaction).
These variables are modelled on a regular orthogonal lattice, which also holds the SMCs. The parameters for the differential equations governing these species were calibrated to the data of Cipollone et al. (2001) . In that study, the levels of a marker for inflammation (monocyte chemoattractant protein-1) were monitored in the blood of patients after coronary angioplasty. It was found that those patients who went on to develop restenosis had higher MCP-1 levels over a longer period than those that did not. We established three responses based on that data to capture the variability inherent in a population: low inflammation corresponding to the group which expressed lower MCP-1, high inflammation corresponding to the group which expressed high MCP-1, and an intermediate response, which lay half-way between the high and low response curves.
Further details can be found in Boyle et al. (2011) .
Smooth muscle cell model
The phenotype of SMCs is a function of the amount of ECM present in its local region, with high ECM inducing a contractile phenotype (the relationship is assumed to be linear in this implementation).
This phenotype governs the maximum proliferation and migration rates within the tissue. The actual probability of proliferation of a cell is dependent on the availability of suitable neighbour sites, and the amount of growth stimulus in the region. The growth stimulus decays exponentially over time.
Due to the size of the artery and the average size of SMCs an impractically large number of lattice points would have been required to run a full-scale simulation. Instead, a coarse-graining approach was applied, in order to achieve a practical solution time. The lattice used had a characteristic length 
Stent Geometries
Three stent types were modelled: a design similar to the commercially available MULTILINK stent, a design similar to the NIR stent, and a design similar to the PALMAZ stent (Figure 1 ). The material model used for the stent was an elasto-plastic model. Each stent was expanded to a balloon:artery ratio of 1.2. Finite element simulations were solved with ABAQUS/Explicit, using a quasi-static analysis.
The simulations were performed on each of the three stents using parameters calibrated to high, low and intermediate inflammatory responses to injury, as outlined above. Each stent/inflammation combination was simulated with three replicates, producing 27 simulation runs overall.
To generate results, the cross-sectional areas of lumen and neointima were measured at several axial sections along the axis of the artery. The total number of cells and total volume of tissue was recorded during the simulation.
The simulations were implemented using the MechanoBiology ToolKit (MBTK), which is a library built upon VTK (the Visualization ToolKit, Kitware Inc., USA) to produce mechanobiological models using lattice-based methods ). Finite Element Analysis was performed using Abaqus v6.8 (Simulia).
Results
The finite element analysis predicted similar peak von Mises stresses for each stent -within a range of 0.7 MPa. The NIR induced the highest peak von Mises stresses at 4.0 MPa, followed by the PALMAZ at 3.9 MPa and the MULTILINK at 3.3 MPa;. Stresses were highest around the stent struts, and the highest of these were at stent crowns. With the MULTILINK, the highest stresses were induced at the stent ends.
The injury induced at 80 % expansion shows a greater amount of injury present in the PALMAZ and NIR stents compared to the MULTILINK (indicated by the grey regions in Figure 2 ), and this persists at full expansion. Peak stresses upon removal of the balloon and stent recoil were 1.30 MPa for the NIR stent, 0.33 MPa for the PALMAZ stent, and 0.3 MPa for the MULTILINK stent.
The simulation produced a large amount of restenosis in the three stents (Figure 3) . A gradual production of restenosis is predicted within the stent area, eventually covering the stent, and reducing lumen area (Figure 4) . The simulation predicts a gradual reduction in the amount of active cells in the neointimal area, and predicts a relatively acellular final neointimal area, whereas in the media and deep neointima, cells accumulated. Cell numbers in the model at the end-point of the simulations were higher for the NIR than the PALMAZ, and both were higher than the MULTILINK stent ( Figure 5 ).
The neointimal areas in the MULTILINK stent produced lower restenosis rates when simulation runs were analysed ( Figure 6) ; there was little difference found along the length of the stent between the PALMAZ and the NIR. The extent of the differences between stents was dependant on the inflammation present with differences more pronounced in the low inflammation case.
The volume of tissue above several Von Mises stress thresholds was calculated for each stent. The differences between stents was then evaluated as the ratio of tissue above the threshold for each stent. For each stress criterion used, the PALMAZ and NIR stents achieved similar results (with the greatest difference occurring when the damage limit (1.417 MPa) was used). The difference between these two stents and the MULTILINK stent depended on the level of the stress criterion used, with the differences greater for higher stress thresholds (Error! Reference source not found.).
The neointimal volume within the stents depended on the level of inflammation, with low and intermediate responses producing a higher growth rate at early time points than the high response (shown for MULTILINK stent in Figure 7 ). The amount of restenosis at 240 days was inversely related to the initial speed of lesion growth, and directly related to inflammation level. This data also shows that the rate at which quiescence (a low growth rate) was achieved was inflammation dependent; the MULTILINK, for example, becomes quiescent for low inflammation at approximately 150 days ( Figure 7 ). The predictions of the relative efficacies, measured as the ratio of the numbers of cells produced between stents, were different depending on the amount of inflammation (Figure 8 ).
Furthermore, relative efficacy of the PALMAZ and NIR stents also altered over time, and was related to the inflammation level (Figure 8 ). In contrast, the PS and NIR responses were almost identical to each other so that their relative efficacy converged to the same value (Figure 8 ).
Discussion
In this paper, we tested the hypothesis that a mechanobiological model of arterial tissue response to injury could predict the long-term restenosis outcomes of clinical stent designs. The simulation technique predicted the same ranking of stents based on average neointimal area as two clinical studies (Hoffmann et al., 2001; Kastrati et al., 2001) with the open-cell-type stent outperforming more rigid stents. Simulations predicted less of a difference between the PALMAZ and NIR stent than between the MULTILINK and PALMAZ stent, in terms of both tissue volume and cell numbers. The magnitude of the differences between the stent designs was greater when considering cell numbers;
these results closely matched not only the ranking but the quantitative difference and variability observed in the clinical trial (Error! Reference source not found.), and for this reason we believe the hypothesis posed has been corroborated.
The clinical study of (Hoffmann et al., 2001) showed large variations in the neointima formed in the stents, so much so that a statistically significant difference in neointimal area along the axis of the stent was not found between the stents. Variability in our study was due to the stochastic nature of cell activities. The simulations described here showed a similar trend to the clinical studies when the stents are compared using cell numbers produced. However, the differences between the NIR and PALMAZ in the model were not as pronounced as between the corresponding designs in the Hoffmann study (the geometry of the stent used in this study was much simpler than the INFLOW design used in the clinical study). A limitation of this study is that the model described here may not account for some of the differences between stent designs. In particular, many corrugated ring stents can have a more rounded cross-section strut, while the PALMAZ stent is rectangular. This may have an important part to play in cell migration around the stent. The number of crowns in the stents was constant for all three stents modelled here, but this may not be the case for stents used clincially.
The variability observed in clinical studies may come from the inherent variability between patients in terms of lesion size, biological response, procedural variability, etc., which were not included in the computational model developed in this study. The differences between the stents may be more pronounced when considering patient-specific, complex lesion geometries and material properties, differences which may not show up in the straight, idealised artery model used here. The relatively small differences in neointima predicted between stents may, however, be close to the clinical reality, as several papers on the relative performance have pointed out that significant differences between current stent designs have been difficult to identify (Edelman & Rogers, 1999; Windecker & Meier, 2001 ).
The study described here did not include some important characteristics of stent implantations in clinical practice. There was no variability in the geometry or material properties of the host vessel, which was idealised, isotropic and homogeneous. This is important for gaining an accurate prediction of injury, but also to be able to predict the initial biological configuration of the artery. For example, the plaques of most arteries can have a-cellular regions, or regions with foam cells, and not SMCs. The distribution of SMCs was assumed to be constant in the arteries.
Furthermore, the stent geometries and expansion methods could be adapted to be more realistic.
This study builds upon previous attempts to simulate restenosis. Lally et al. (2006) modelled tissue growth using diffusion equations in response to mechanical damage. The use of continuum equations to govern cell behaviour proved limiting in simulating lesion progression and quiescence.
In contrast, a more mechanistic approach to cell behaviour, such as the lattice modelling approach taken in this study, allows for greater experimental validation and predictive power, as isolated components of the model can be tested separately. In comparison to our previous study (Boyle et al. 2011 ), this study was applied to 3D arteries, and clinically relevant stent designs. This represents a first step in the direction of applying such models to medical devices as a pre-clinical design tool. In contrast to purely stress-based optimisation, this method can provide a quantitative comparison between stents. Stress-only comparisons can only hope to rank stents, based on biophysical stimuli as a surrogate for future tissue growth. In order to quantify that response, a mechanobiological link such as is proposed in this study is needed.
This study demonstrates the use of computational simulation techniques to predict the mechanobiological reaction of arteries to stent implantation. It offers a pre-clinical technique capable of including the patient's restenotic reaction to stenting, and offers scope for including interpatient variability in the reaction to injury. In particular, the results of this study suggest that the sensitivity of a patient to stent design may depend on their inflammatory phenotype. The technique can be adapted, with more complex mechanical models, to patient-specific lesions. Figure 1 . The three stents simulated. Each stent shows the unexpanded configuration and the stent at maximum expansion, as well as a 2D representation of the repeating unit that makes up the stent.
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